Abstract. Long-term oxygen and nutrient transports in the Baltic Sea are reconstructed using the Swedish 
Introduction 27
The water exchange between the Baltic Sea and the North Sea is restricted by the narrows and sills in the Danish 28 transition zone (Fig. 1) . The hydrography of the Baltic Sea also depends on freshwater from rivers, which causes 29 large salinity gradients between the surface layer and the saltier bottom layer, and between the northern sub-30 basins and the entrance area (e.g. Meier and Kauker, 2003) . The low-saline outflowing surface water is separated 31 from high-saline inflowing bottom water by a transition layer, the halocline. The bottom water in the deep sub-32 basins is ventilated mainly by so-called Major Baltic Inflows (MBIs) (Matthäus and Franck, 1992 ; Fischer and 33 Matthäus, 1996) . MBIs can significantly affect biogeochemical processes in the deep basins because of the 34 inflow of large volumes of saline and oxygen-rich water into the Baltic Sea (e.g. Conley et al., 2009; Savchuk, 35 2010 ). In the Baltic Sea, the density stratification and long water residence time hamper the ventilation of deep 36 waters. As a result, oxygen deficiency is a common feature. Additionally, nutrient loads from agriculture and 37 other human activities of the large population in the catchment area increased nutrient concentrations in the water 38 column. Actually, eutrophication has become a large environmental problem in the Baltic Sea in recent decades 39 cycles is a challenging task due to the complexity of the system. Obviously, there are large uncertainties in 47 7 http://nest.su.se/bed/hydro_chem.shtml). Also the data of SHARK have been stored in BED. As a result, a 160 comprehensive data set is collected for the Baltic Sea region. The assimilated observations in this study comprise 161 both physical (temperature and salinity) and biogeochemical variables (oxygen, nitrate, phosphate and 162 ammonium) from the SHARK database. Before assimilation, the data were quality controlled. These controls 163 include checks of location and duplication, and examination of differences between forecasts and observations. A 164 profile was eliminated from the assimilation procedure when the station was located on land defined by the RCO 165 bathymetry. We also removed observations when the difference between model forecasting field and 166 observations exceeds the given standard maximum deviation (for example 4.0 mL L -1 for oxygen concentration). 167
We used an average of the observations in the same layer when there was more than one observation per layer. 168
These observations cover almost the whole Baltic Sea including Kattegat and the Danish Straits. 
Methodology and Experimental Setup 188
Here we briefly describe the configuration of the data assimilation system of this study. We focus on the state 189 estimation via EnOI. The distribution of stochastic errors are assumed to be Gaussian and non-biased. EnOI 190 estimates an 'optimal' oceanic state at a given time using observations, the numerical model and assumptions on 191 their respective bias distribution. The relationship between them can be expressed as following: 192
is the vector of observations with ݉ being the number of observations. like temperature and dissolved oxygen, which is dominated by misplacement of mesoscale features and which 207 varies in location and intensity seasonally. Therefore, we hypothesize that the background errors are proportional 208 to the model variability on intra-seasonal time scales. We selected the samples from model results of a hindcast 209 simulation without data assimilation from one and a half month before and after the calendar date of the9 assimilation time during the period 1964-1968 (Liu et al., 2013) 
The analysis by EnOI rely on the sample ensemble because the analysis increment is a linear combination of 214 sample ensemble anomalies. Other, more "sophisticated" sample ensembles could be tested but this is beyond the 215 scope of this study. An adaptive scaling factor was calculated to adapt to the instantaneous forecast error variance 216 before each local analysis (Liu et al., 2013; . Further, localization is used to remove unrealistic long-range 217 correlation with a quasi-Gaussian function and a uniform horizontal correlation scale of 70 km. As a result, the 218 quality of fields obtained by data assimilation is determined by the coverage and quality of observations (She et 219 al., 2007) . Moreover, the assimilation frequency or window is another factor to affect the assimilation fields. 220
They are directly related to how many observations are entering the assimilation cycling and how often the model 221 initial condition is adjusted by data assimilation (Liu et al., 2013) . Here, we select an assimilation window of 222 three days and the assimilation frequency is once every seven days in the reanalysis experiment. It means that all 223 the observations in three days before and after the assimilation time are selected to yield the "new" initial 224 To assess the results with (REANA) and without (FREE) data assimilation, the overall monthly mean RMSDs 240 (root mean square differences) of oxygen, nitrate, phosphate and ammonium were calculated relative to 241 observations during the whole integration period. The overall monthly mean RMSD is calculated by the 242 
Results 266
In the following sub-sections, we evaluate the impact of data assimilation on the long-term evolution of biases 267 
Temporal evolution of biases and pools 275
The biases in both FREE and REANA have been calculated relative to observations for dissolved oxygen and 276 inorganic nutrients using Equation 4 (Fig. 3) . Data assimilation has significantly reduced bias of the model 277 simulation. Generally, the RMSDs of oxygen and nutrient concentrations in REANA are smaller than that of12 FREE. However, the degree of improvements differs among the variables. The RMSD of oxygen is mostly 279 greater and smaller than 1.0 mL L -1 for FREE and REANA, respectively. The mean RMSD of oxygen during this 280 period has been reduced by 59% (from 1.43 to 0.59 mL L -1 ). showed with the help of model results which were sampled at the same times and locations of the observations 300 that the applied interpolation algorithm underestimated hypoxic area by about 40%. 301
Mean seasonal cycle of nutrients 302
The long-term average seasonal cycles of temperature and inorganic nutrients at monitoring station BY15 at 303
Gotland Deep (for the location, see Fig. 1 ) give a hint of how data assimilation improves simulated nutrient 304 dynamics in the Baltic proper (Fig. 5) . The surface layer temperature and stratification show rapid increase in 305
13
April to May, with concurrent rapid decrease of nutrient concentrations due to primary production down to 50-60 306 m depths. The cooling and increased vertical mixing in autumn and winter reduce temperatures and bring 307 nutrients from the deeper layers into the surface layers. RCO-SCOBI captures these variations. However, 308 compared to BED, FREE has obvious biases, such as overestimated temperature stratification around 30-50 m 309 depth from late winter to early spring, higher concentration of nutrients at the 50-60m depth, stronger vertical 310 stratification of nutrient concentrations and less decrease of nutrients in the summer, especially below the 311 thermocline, as well as also in the surface layers for phosphate. One reason for the biases is the vertical 312 displacement of the halocline that is too shallow in RCO (e.g. . 9 ). Indeed, DIP export is largest in areas with a water depth between 70 and 367 100 m, and decreases towards greater water depths (Fig. 9) . 368 369 According to the accumulated import of nutrients (Fig. 9) , the magnitude of the DIP export is larger than that 370 of the DIP import. This indicates that not all of the supply of phosphorus from land and atmosphere is retained 371 within the Baltic proper as will be further discussed from the nutrient budgets in section 5.6. For DIN, however, 372
we may notice only a very small net export from the Baltic proper to adjacent sub-basins, while for OrgP and 373
OrgN, imports and exports are almost balanced (Fig. 9) . The nitrogen and phosphorus supply from land is 374 implemented in sea areas with a bottom depth usually of 6 m. This is where the river mouths are located in the 375 model. 376
377
There is a large import of DIP to areas with a depth range between 40-70 m (Fig. 9) . This import does not 378
show a counter-part in the export of OrgP in Fig. 9 . This result might be explained by local processes causing the 379 phytoplankton uptake and sediment deposition of DIP. There is an import of DIN to these areas that together with 380 
A partly opposite exchange profile is found for OrgP (Fig. 9) 
Nutrient budgets of sub-basins 397
The Baltic Sea is divided into seven sub-basins according to the selected sections, which form the borders of the 398 sub-basins (Fig. 1) . We calculate total nutrient budgets for each of the sub-basins from the reanalysis (Figs. 10  399 and 11). Changes in pools are calculated as differences between 1971 and 1999 because the initial adjustment 400 process due to the assimilation is taking place during the first year (1970) (not shown). The largest annual mean 401 external phosphorus load occurs in the Baltic proper and amounts to 34.2 kton yr -1 (Fig. 10 ). In addition, in the 402 which amount to 24.3 and 22.5 kton yr -1 , respectively. However, the largest net exchange (import minus export) 407 appears between the Baltic proper and Bothnian Sea. It is also found that the Baltic proper exports more 408 phosphorus to neighboring sub-basins than it imports, except for the Gulf of Riga. The annual mean net 409 phosphorus exported from the Baltic proper into the Danish Straits, the Bothnian Sea, the Gulf of Finland and 410
Gulf of Riga during the period 1971-1999 amounts to 1.7, 3.6, 1.8, and -0.6 kton yr -1 , respectively. The exchange 411 of phosphorus between the Baltic proper and the Gulf of Riga is smallest relative to the other three neighboring 412 sub-basins. Further, we found that the net transport, import and export of phosphorus into the Bothnian Bay are 413 smallest relative to the other sub-basins. 414
415
Nitrogen transports between Baltic Sea sub-basins are different compared to phosphorus transports (Fig. 11) . In the long-term simulation, the new initial condition for an assimilation cycle differs from the ending ocean state 498 of the last cycle when at that time observations are available. In this sense, the data assimilation introduces 499 sources and sinks of the nutrient cycles by interrupting the model simulation and adjusting the initial conditions. 500
The magnitudes of these artificial sources and sinks are directly related to the biases between model results and 501 observations. Figure 3 shows that the model has large biases during the beginning of the simulation. However, 502 data assimilation has corrected the mismatch between model state and observation to an "optimal" level during an 503 initial adjustment period. After the adjustment period, the mismatch between model and observation becomes 504 small and the successive adjustment due to data assimilation also becomes small. Further, the adjustment of data 505 assimilation is related to the spatial-temporal coverage of observations. Here we assimilated only observed 506 profiles into the model. After every assimilation cycle, the simulation continues with "optimal" initial conditions 507 based upon conservation principles. As the equations of RCO-SCBI have not been changed, masses of all 508 constituents of the model are conserved at least during the simulation between two assimilation occasions. 509 510
Advantages of data assimilation 511 512
The advantage of the data assimilation is that model variables at any station are very likely more accurate than 513 the model output without data assimilation. For instance, time series of profiles or transports across vertical 514 sections have very likely a smaller bias compared to observations than the corresponding model results without 515 data assimilation. Compared to available observations the information from the model is higher resolved and 516 homogeneous in space and time. Of course, it is difficult to evaluate the quality of model results at high 517 resolution because independent observational data sets are usually missing. An exceptional effort to utilize 518 independent data was done by Liu et al. (2014) showing that the statement about the added value of data 519 assimilation is true for one available, independent cruise data set at high resolution. 520
521
The results of the reanalysis can be used to estimate the water quality and ecological state with high spatial 522 and temporal resolution in regions and during periods when no measurements are available. This supports 523 improved assessments e.g. of eutrophication status indicators as exemplified in Section 5.6. Regional and local 524 model studies may use the data as initial and boundary conditions. For projections of future climate and
upon the reanalysis data than with sparse observational data. For instance, it is very difficult to calculate the 529 climatological mean state just from observations that are casted only during the ice-free season of the year. Using 530 a reanalysis as reference data for historical climate is a common method in regional climate studies of the 531 atmosphere. Here we provide a corresponding data set for the ocean to evaluate simulated present-day climate. 532 533 Further, nutrient transports across selected cross-sections or between vertical layers are calculated from the 534 reanalysis with high resolution and improved accuracy. However, one cannot expect that budgets calculated from 535 the summation of internal fluxes from model results with data assimilation are more accurate because usually 536 small artificial sources and sinks from the data assimilation are becoming as important as physically and 537 biogeochemically motivated sources and sinks when sums of fluxes are compared. Hence, we calculated in 538 Section 5.6 budgets only from external supply, imports and exports and changes in the water pools of nutrients 539 with the aim to compare the reanalysis results with other studies using only observations. It is perhaps not 540 possible to claim that our budgets are more accurate than budgets that are derived from observations only, despite 541 the higher temporal and spatial resolution in model outputs. However, the advantage of the reanalysis is that 542 measurements are extrapolated in space and time based upon physical principles of the model. In contrast to Eilola et al. (2012) , in this study areas with DIN export are also found at the southern and eastern 558 coasts as well as at some small local regions in the inner parts of the Baltic proper (Fig. 8) . In REANA, the 559 magnitudes of DIP imports and exports are larger than in Eilola at al. (2012) , and there is pronounced import of 560 DIP in the western part of the Eastern Gotland Basin below 100 m (Fig. 8) that is not as significant in Eilola et al. 561 (2012) . This, and the larger variability of DIN imports and exports, indicates that there is a higher degree of 562 small-scale localized transport and production patterns that are not captured by Eilola et al. (2012) . Main sinks of 563 DIN are found in the deeper areas, but significant sinks are also seen in shallow areas and water depths of about 564 60m. As the assimilation of salinity observations result in a deeper halocline (Liu et al., 2014) on the locations of the sub-basin borders which are chosen as far as possible according to dynamical constraints 614 such as sills or fronts that are parameterized to obtain estimates of the water exchanges. Using a high-resolution 615 circulation model, we showed that nutrient flows within the sub-basins may vary considerably (Fig. 12) . For 616 instance, we found east-and westward net transports of nitrogen between the Baltic proper and Gulf of Finland 617 depending on border locations at 23.2 º and 24.0 º E, respectively. The importance of regional variations of sources 618 and sinks for nutrients on the calculation of transports between sub-basins therefore seems to be significant and 619 needs to be further studied. Given the uncertainty caused by data assimilation in the present study we must 620 however save the detailed studies of these issues to future work where the artificial impact of data assimilation on 621 sources and sinks will be traced and quantified during the run. that the overall qualities of simulated oxygen, nitrate, phosphate, and ammonium concentrations are improved by 639 59, 46, 78 and 45%, respectively. These results demonstrate the strength of the applied assimilation scheme. 640
641
The observation information entering the model affects the oxygen dependent dynamics of biogeochemical 642 transports significantly due to both improved simulation of physical (e.g. vertical stratification) and 643 biogeochemical parameters (e.g. nutrient concentrations). As examples, we presented improved results of mean 644 seasonal cycles of nutrients, the spatial surface distributions of DIN, DIP and DIN:DIP of the entire Baltic Sea. 645
646
Based on the reanalysis simulation, we analyzed nutrient transports in the Baltic Sea. We found that vertically 647 integrated nutrient transports follow the general horizontal water circulation, and vary spatially to a large extent. 648
In particular, large nutrient transports were found in the Eastern Gotland Basin, in the Bornholm Basin, in the controlled by different processes and show different response to external loads and internal sources and sinks. In 673 particular, the Baltic proper is the sub-basin with the largest nutrient exchanges with its surrounding sub-basins. 674
The Baltic proper exports phosphorus to all sub-basins except the Gulf of Riga. Similarly, the Baltic proper also 675 exports nitrogen to all sub-basins except to the Gulf of Riga and Danish Straits. In this sub-basin, also the largest 676 internal sink of all sub-basins was found. Noteworthy is the relatively large net export of phosphorus from the 677 Baltic proper into the Bothnian Sea. This finding is in agreement with previous studies. For the budgets of the 678 sub-basins, it is important where the borders of the sub-basins are located, because net transports may change 679 sign with the location of the border. For instance, in the entrance of the Gulf of Finland, the net phosphorus 680 transport from the Baltic proper is directed eastward, but changes direction at about 26ºE. Further to the east, the 681 net phosphorus transport is directed westward. 682
